Significance statement Using a translational photosynthesis approach we successfully increased CO 2assimilation in leaf chloroplasts of the model plant tobacco. Phylogenetic analysis revealed parallel evolutionary linkages between the large (L-) subunit of the CO 2 -fixing enzyme Rubisco and its molecular chaperone RAF1. We experimentally test, and exploit, this correlation using plastome transformation producing plants that demonstrate the role of RAF1 in L-subunit assembly and resolve the RAF1 quaternary structure as a dimer.
Abstract
Enabling improvements to crop yield and resource use by enhancing the catalysis of the photosynthetic CO 2 -fixing enzyme Rubisco has been a longstanding challenge. Efforts towards realization of this goal have been greatly assisted by advances in understanding the complexities of Rubisco's biogenesis in plastids and the development of tailored chloroplast transformation tools. Here we generate transplastomic tobacco genotypes expressing Arabidopsis Rubisco large subunits (AtL) both on their own (producing tob AtL plants) and with a cognate Rubisco Accumulation Factor 1 (AtRAF1) chaperone (producing tob AtL-R1 plants) that has undergone parallel functional co-evolution with AtL.
We show AtRAF1 assembles as a dimer and is produced in tob and Arabidopsis leaves at 10 to 15 nmol AtRAF1 monomers per m 2 . Consistent with a post-chaperonin Lsubunit assembly role, the AtRAF1 facilitated two to three fold improvements in the amount and biogenesis rate of hybrid L 8 A S 8 t Rubisco (comprising AtL and tobacco small (S) subunits) in tob AtL-R1 leaves compared to tob AtL , despite >3-fold lower steady state Rubisco mRNA levels in tob AtL-R1 . Accompanying 2-fold increases in photosynthetic CO 2 -assimilation rate and plant growth were measured for tob AtL-R1 lines. These findings highlight the importance of ancillary protein complementarity during Rubisco biogenesis in plastids, the possible constraints this has imposed on Rubisco adaptive evolution and the likely need for such interaction specificity to be considered when optimizing recombinant Rubisco bioengineering in plants.
\body
Introduction
The increasing global demands for food supply, bioenergy production and CO 2sequestration have placed a high need on improving agriculture yields and resource use (1, 2) . It is now widely recognized that yield increases are possible by enhancing the light harvesting and CO 2 -fixation processes of photosynthesis (3) (4) (5) . A major target for improvement is the enzyme Rubisco (ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase) whose deficiencies in CO 2 -fixing speed and efficiency pose a key limitation to photosynthetic CO 2 capture (6, 7) . In plants, the complex, multistep catalytic mechanism of Rubisco to bind its 5-carbon substrate RuBP, orient its C-2 for carboxylation, and then process the 6-carbon product into two 3-phosphoglycerate (3PGA) products, limits its throughput to 1-4 catalytic cycles per second (8). The mechanism also makes Rubisco prone to competitive inhibition by O 2 that produces only one 3PGA and 2-phosphoglycolate (2PG). Metabolic recycling of 2PG by photorespiration requires energy and results in most plants losing 30% of their fixed CO 2 (5) . To compensate for these catalytic limitations plants like rice and wheat invest up to 50% of the leaf protein into Rubisco which accounts for ~25% of their leaf nitrogen (9).
Natural diversity in Rubisco catalysis demonstrates that plant Rubisco is not the pinnacle of evolution (6, 7) . Better performing versions in some red algae have the potential to raise the yield of crops like rice and wheat by as much as 30% (10).
Bioengineering Rubisco in leaves therefore faces two key challenges: identifying the structural changes that promote performance and identifying ways to efficiently transplant these changes into Rubisco within a target plant. A significant hurdle to both challenges is the complex biogenesis requirements of Rubisco in plant chloroplasts (7, 11) . A number of ancillary proteins are required to correctly process and assemble the chloroplast made Rubisco large (L) subunit (coded by the plastome rbcL gene) and cytosol made small (S) subunits (coded by multiple RbcS genes in the nucleus) into L 8 S 8 complexes in the chloroplast stroma. The complicated assembly requirements of Rubisco in chloroplasts prevent their functional testing in E. coli and conversely impedes, sometimes prevents, the biogenesis of Rubisco from other higher plants, cyanobacteria and algae (12) (13) (14) . For example, the L-subunits from sunflower and varying Flaveria sp.
showed 5-fold differences in their capacity to form hybrid L 8 S 8 Rubisco (that comprise tobacco S-subunits) in tobacco chloroplasts despite each rbcL transgene sharing the same genetic regulatory sequences and showing >92% amino acid identity (13, 14) . Evidently evolution of Rubisco function may have been constrained to maintain compatibility with the molecular chaperones required for its biogenesis (7, 15) .
The necessity of chloroplast chaperonin (CPN) complexes for Rubisco biogenesis has been known for some time (16) . Upon release from the hetero-oligomeric CPN ring structures in chloroplasts (17) the folded L-subunits are thought to sequentially assemble into dimers (L 2 ) then octamers (L 2 ) 4 prior to S-subunit binding (18 Targeted transformation of the chloroplast genome (plastome) provides a reliable, but time consuming, tool for engineering Rubisco (23). This technology is best developed in tobacco with the cm trL genotype specifically made for bioengineering Rubisco and testing its effects on leaf photosynthesis and growth (6, 7, 13, 14) . Here we use chloroplast transformation in cm trL to examine the function of RAF1 from Arabidopsis (AtRAF1) in Rubisco biogenesis. We show that AtRAF1 forms a stable dimer that, when co-expressed with its cognate Arabidopsis Rubisco L-subunits (AtL), enhances hybrid L 8 A S 8 t Rubisco (containing Arabidopsis L-and tobacco S-subunits) assembly in tobacco chloroplasts and concomitantly improves leaf photosynthesis and plant growth by more than 2-fold.
Results

Co-evolution of RAF1 and the Rubisco L-subunit
Analysis of full length raf1 and rbcL sequences from plant, algae and cyanobacteria showed that Rubisco L-subunit and RAF1 phylogenies are topologically similar ( Fig.   1A ). Mirror-tree analysis revealed that the correlation coefficient of these trees was 0.75 (p < 10 -6 ) suggesting co-evolution of both proteins across cyanobacteria and plants ( Fig   S1) . Exceptionally high correlations between RAF1 and Rubisco L-subunit pairwise nonsynonymous distances (i.e. those leading to amino acid substitutions) across all the taxa confirmed co-evolution of the two proteins ( Fig 1B) . We therefore sought to test the functional significance of this complementarity by transforming the Arabidopsis Rubisco L-subunit (AtL) and one of its two cognate RAF1 isoforms (called AtRAF1; Fig S1) into tobacco chloroplasts via plastome transformation. Based on our previous heterologous Rubisco expression studies in tobacco (13, 14) we hypothesized that the phylogenetic divergence of AtL and the tobacco L-subunits (tobL, Fig 1A) would be accompanied by differences in ancillary protein requirements that would impede the biogenesis of hybrid L 8 A S 8 t Rubisco (i.e. comprising AtL and tobacco S-subunits) in tobacco chloroplasts.
Plastome transformation of Arabidopsis Rubisco AtL-subunits and AtRAF1 into tobacco chloroplasts
The L-subunit of Arabidopsis shares 94% identity with tobL, differing by only 29 amino acids ( Fig S2A) . Transplanting the Arabidopsis rbcL gene (AtrbcL) into the tobacco plastome in place of the native rbcL gene was achieved by cloning it into the plastometransforming plasmid pLEV4 to give plasmid pLEVAtL and transforming it into the plastome of the cm trL tobacco genotype to produce tob AtL lines (Figure 2A) . To test the influence of co-expressing AtRAF on hybrid L 8 A S 8 t Rubisco a synthetic Atraf1 gene coding the full length 50.2 kDa Arabidopsis RAF1 homolog AY063107 (coding its putative 62 amino acid N-terminal transit peptide sequence; Fig S2B) and a C-terminal 6x histidine tag was cloned 39-bp downstream of AtrbcL in pLEVAtL. The resulting plasmid, pLEVAtL-R1, was transformed into cm trL to produce tob AtL-R1 lines (Figure 2A ).
As shown in Fig 1, while most plants only code for one RAF1, tobacco and Arabidopsis code two isoforms with the two homologs produced in Arabidopsis (~70% identical) only
show ~50% identity to the two RAF1 isoforms produced in tobacco (that are 95% identical) ( Figure S2C ).
In both the tob AtL and tob AtL-R1 genotypes the AtrbcL transgene is regulated by the tobacco rbcL promoter, 5'-and 3'-untranslated sequences, and incorporates a downstream promoter-less aadA transgene that codes for the spectinomycin resistance used to screen for plastome transformed plantlets ( Figure 2A) . In tob AtL-R1 , the Atraf1 gene is located between both transgenes using an intergenic sequence similar to that used in pLEVL Ub S that produced a bicistronic tobacco rbcL-rbcS mRNA (23).
Three independent transplastomic tob AtL and tob AtL-R1 lines were grown in soil to maturity in air supplemented with 0.5% (v/v) CO 2 and fertilised with wild-type pollen.
The increased CO 2 levels were necessary for the survival of the tob AtL lines in soil early during their development as their leaves contained little Rubisco (<3 µmol Lsubunits.m 2 .s -1 ), significantly impeding viability and drastically slowing growth in air. In contrast the tob AtL-R1 lines grew with greater vigour in air, but still at slow rates.
Comprehensive analyses on the T 1 progeny of the tob AtL and tob AtL-R1 lines were therefore undertaken on plants grown under 0.5% (v/v) CO 2 to ensure their viability.
Variation in the content and catalysis of hybrid L 8 A S 8 t Rubisco in the tob AtL and tob AtL-R1 genotypes RNA blot analyses showed there were large differences in steady state levels of the AtrbcL mRNAs produced in tob AtL and tob AtL-R1 lines. As observed previously a less abundant AtrbcL-aadA di-cistronic mRNA (~10% that of the AtrbcL mRNA) was produced in the young tob AtL leaves as a result of inefficient transcription termination by the tobacco rbcL 3'UTR (13, 14, 23) ( Figure 2B ). In contrast, only di-cistronic AtrbcL-Atraf1 or tri-cistronic AtrbcL-Atraf1-aadA mRNAs were detected in tob AtL-R1 leaves.
Relative to the rbcL mRNA levels in the wild type tobacco controls, the total pool of AtrbcL mRNAs were 25% and 80% lower in the developmentally comparable leaves from tob AtL and tob AtL-R1 , respectively ( Figure 2B) .
In contrast to the scarcity of AtrbcL transcripts in tob AtL-R1 , the levels of hybrid L 8 A S 8 t Rubisco (comprising Arabidopsis L-subunits and tobacco S-subunits) in the same leaves were >2-fold higher than the L 8 A S 8 t content in tob AtL ( Figure 2C ). This variation in L 8 A S 8 t content between each genotype was confirmed by non-denaturing PAGE (ndPAGE).
Relative to the level of wild-type L 8 S 8 produced in the control, the L 8 A S 8 t content in tob AtL and tob AtL-R1 were reduced by ~75% and ~55%, respectively.
Quantifying AtRAF1 production in leaf protein samples was undertaken by immunoblot analysis against varying amounts of purified recombinant AtRAF1 ( Figure   S3 ). The AtRAF1 antibody recognised the ~43 kDa AtRAF1 in Arabidopsis leaf protein ( Figure 2D ), the size expected for mature AtRAF1 after processing of the putative 62 amino acid transit peptide ( Figure S1B ). The antibody detected nothing in wild-type tobacco consistent with the <50% sequence identity between AtRAF and the two homologs in tobacco ( Figure S2C ). Compared with Arabidopsis, the AtRAF1 produced in tob AtL-R1 leaves was of equivalent size (noting it codes an additional 6x histidines) and produced at similar cellular concentrations ( Figure 2D ). This indicated the transit peptide processing requirements of AtRAF1 were met by tobacco chloroplast stroma protease (s) and that the levels produced were physiologically comparable to those naturally made in
Arabidopsis.
The catalytic properties of the hybrid L 8 A S 8 t were compared with Arabidopsis and tobacco Rubisco ( 
AtRAF1 forms a stable dimer complex
The AtRAF1 made and purified from E. coli could be stably stored at -80°C in buffer containing 20% (v/v) glycerol. Multiple freeze-thaw cycles had no discernible influence on AtRAF1 separation as two bands above the 160 kDa aldolase standard by ndPAGE; a prominent upper band and >90% less abundant lower band ( Figure 3A ). Immunoblot analysis showed this AtRAF1 oligomer separated at a slower rate than the immunereactive product detected in Arabidopsis leaf protein and the slightly larger His 6 -tagged AtRAF1 product (H 6 -AtRAF1) produced in tob AtL-R1 . The mobility through ndPAGE of H 6 -AtRAF1 from tob AtL-R1 after Ni-NTA affinity purification however matched that of the AtRAF1 purified from E. coli ( Figure 3A) . This suggests the faster migrating, more diffusely separated, AtRAF1 products detected in the Arabidopsis and tob AtL-R1 leaf samples might involve complexes with other proteins, the identity of which remain unclarified. In the leaf protein samples, the Rubisco antibody only recognized the L 8 S 8 holoenzyme and did not react with any of the products recognized by the RAF1 or CPN antibodies ( Figure S3 ). Similarly, no Rubisco was detected in the protein purified by Ni-NTA from tob AtL-R1 leaves. These finding suggest the AtL-subunits do not form stable interactions with either AtRAF1 or CPN complexes in Arabidopsis or tob AtL-R1 leaves.
The migration of proteins through ndPAGE is significantly influenced by their folded quaternary structure which can mislead estimates of molecular size and subunit stoichiometry. For example, the 500 kDa bands for tobacco and Arabidopsis Rubisco resolve at different positions following ndPAGE (with the latter resolving at a smaller size to the 440 kDa ferritin protein standard, Figure 3A ). We therefore undertook nanoESI-MS analysis of the pure AtRAF1 to accurately determine its subunit stoichiometry. Under non-denaturing conditions, the most abundant ions in the mass spectrum corresponded to a dimer with a molecular mass of approximately 86,871 Da ( Figure 3B ) consistent with the predicted 43,434 Da for AtRAF1 subunits forming a stable dimer of (AtRAF1) 2 . This stoichiometry matches that determined for affinity purified RAF1 from Thermosynechococcus elongatus cells (22) but contrasts with the trimer structure predicted for RAF1 from maize (19).
Leaf photosynthesis and plant growth are enhanced in tob AtL-R1
Consistent with higher amounts of hybrid L 8 A S 8 t made in each tob AtL-R1 line, the leaf photosynthetic CO 2 assimilation rates at varying CO 2 partial pressures (pCO 2 ) were ~2fold faster relative to tob AtL , albeit still slower than in wild-type tobacco ( Fig 4A) .
Accordingly, the tob AtL-R1 genotypes grew faster than the tob AtL plants, though again less quickly than the tobacco controls ( Fig 4B) . Consistent with this faster growth and higher Rubisco contents, the tob AtL-R1 phenotype more closely resembled wild-type with little evidence of the pale green, marginal curling and dimpling leaf phenotype seen for the tob AtL plants. This impaired growth phenotype matches that seen in other tobacco genotypes producing low levels of hybrid Rubisco (i.e. <3 µmol sites m -2 s -1 ) comprising tobacco S-subunits and L-subunits from either sunflower (13) or Flaveria pringlei (14). Figure 5B ).
Co-expressing
Discussion
Here we highlight a pivotal role for the chloroplast RAF1 chaperone in Rubisco Lsubunit assembly and the underpinning requirement for sequence complementarity between both proteins for optimal rates of L 8 S 8 biogenesis. The higher levels and quicker production of L 8 A S 8 t Rubisco in tob AtL-R1 leaves (Fig 2C and 5A) and their corresponding faster rates of photosynthesis and growth (Fig 4) relative to the tob AtL genotype underscore the pervasive role that RAF1 plays in the assembly of post-CPN folded Lsubunits. This finding advances our understanding of Rubisco biogenesis in leaf chloroplasts and also highlights how chaperone compatibility demands on L-subunit folding and assembly might have constrained Rubisco's catalytic evolution (7, 15) .
Our phylogenetic pre-evaluation of parallel evolutionary linkages between the Lsubunit and RAF1 and subsequent translational testing of this knowledge by plastome transformation proved highly successful in increasing recombinant Rubisco biogenesis. (6).
Our analysis of AtRAF1 produced in E. coli indicates that it forms a stable dimer that differs in its migration size through ndPAGE to the RAF1 in soluble leaf cellular protein extract ( Fig 3A) . This suggests RAF1 in chloroplasts might interact with other proteins or cofactors that alter quaternary structure or/and prevent dimer formation due to assembly with other proteins that are sufficiently stable to ndPAGE separation, but not to Ni-NTA purification where (RAF1) 2 oligomers matching those purified from E. coli are formed. Recent analysis of formaldehyde-treated maize leaf protein indicated RAF1 may interact with RAF2 and BSDII (20). Whether such interactions are responsible for the different migration rates through ndPAGE is a possibility that remains to be tested.
Resolving the crystal structure for the (RAF1) 2 complex should help reveal its potential for forming alternative quaternary structures that might explain its alternative ndPAGE separation patterns and propensity to separate as an apparently larger sized complex that has previously been interpreted as a trimer (19, 20) . For example, are the variations in (RAF1) 2 separation by ndPAGE due to its capacity to form "closed" and "open" conformations or/and from interactions with ancillary proteins or co-factors?
Constraints on the steady state AtrbcL mRNA levels in tob AtL-R1 leaves appear a leading cause to limiting L 8 A S 8 t biogenesis. The steady state pool of AtrbcL mRNA in tob AtL-R1 leaves was reduced 5-fold relative to the tobacco rbcL mRNA levels ( Fig. 2B ), but still managed to produce L 8 A S 8 t at half the levels of L 8 S 8 made in wild-type ( Fig 2C) .
This would suggest producing more hybrid L 8 A S 8 t , possibly matching wild-type Rubisco levels, would be feasible by enhancing AtrbcL mRNA levels. The operon structure in tob AtL-R1 matches that used previously in the transplastomic LEVUbS tobacco genotype.
As seen in tob AtL-R1 leaves (Fig 2B) , the LEVUbS leaves also produced a di-cistronic rbcL-UbrbcS mRNA and a 5-to 6-fold less abundant tri-cistronic rbcL-UbrbcS-aadA transcript; however they were produced at levels that matched the rbcL mRNA content in wild-type (23). This suggests the Atraf1 transgene likely destabilizes the di-and tricistronic AtrbcL transcripts produced in tob AtL-R1 . Future RAF1 transplastomic studies should therefore consider equipping the raf1 transgene with separate promoter/terminator regulatory elements to those controlling rbcL expression. Alternatively a small RNA intercistronic expression element (IEE) between the rbcL and raf1 transgenes that has been shown to trigger processing of polycistronic transcripts into more stable and translatable smaller transcripts could be included (27). Here we demonstrate the importance of a chaperone compatibility to enhancing recombinant Rubisco production in tobacco plastids. The finding enhances the potential for bioengineering Rubisco in chloroplasts and provides mechanistic evidence for the role of RAF1 in L-subunit assembly. Future applications of this co-engineering approach will focus on identifying ways to more efficiently co-express Rubisco L-subunits and their complementary RAF1(s) without compromising leaf rbcL mRNA pools. Extending this transplastomic co-expression method to other Rubisco chaperones -BSDII, RBCX, and RAF2may prove a useful approach for determining their biochemical function in chloroplasts.
Materials and Methods
Bioinformatics Analyses
Full length raf1 and rbcL sequences from 26 plant, three algal and 46 cyanobacterial genomes were obtained from NCBI (http://www. ncbi.nlm.nih.gov) and Phytozome (http://www.phytozome.net) using the BLAST algorithm (Table S2) . Phylogenetic trees of the translated proteins were constructed by the RAxML program (30) using the Maximum Likelihood method with the following parameters: the Dayhoff model with gamma distributed rates, partial deletion, and bootstrap (1000 replicates; random seed).
L-subunit and RAF1 phylogenetic trees were compared using the Mirrortree server (31).
Pairwise non-synonymous (leading to amino acid substitutions) and synonymous (selectively neutral) sequence distances were calculated using the PAML package (32).
We used the Mantel test to compute the Pearson correlation coefficient R. The chloroplast gene, matK, encoding maturase K (absent in most cyanobacteria genomes) which doesn't interact with Rubisco, was included as a negative control.
Tobacco plastome transformation and growth
The rbcL gene from Arabidopsis was PCR amplified from leaf genomic DNA with primers 5'NheIrbcL (14) and 3'AtSalIrbcL (5'-
TGTCGACTGTTTTTATCTCTTCTTATCCTTATCCT-3') and the 1439-bp NheI-SalI
AtrbcL product cloned into pLEV4 (14) to give pLEVAtL (genbank KP635965). A synthetic Atraf1 gene whose codon use matched tobacco rbcL was synthesised by
GenScript and cloned downstream of AtrbcL in pLEVAtL using the intergenic sequence used in pLEVLUbS (23) to give pLEVAtL-R1 (genbank KP635964). pLEVAtL and pLEVAtL-R1 were each biolistically transformed into five leaves of the tobaccomasterline cm trL as described in (23) with 4 and 7 spectinomycin-resistant plants, respectively, obtained. Three independent plastome transformed lines of each genotype were grown to maturity in soil in a growth atmosphere supplemented with 0.5% (v/v) CO 2 as described (13) and fertilised with wild-type pollen. The resulting T 1 progeny were used for all analyses.
RNA blot, PCR, protein and PAGE analyses
Total leaf genomic DNA was isolated using the DNeasy ® Plant Mini Kit and used to PCR amplify and sequence the transformed plastome region using primers LSH and LSE (14) ( Fig 1B) . Total RNA extracted from 0.5 cm 2 leaf discs was separated on denaturing formaldehyde gels, blotted onto Hybond-N nitrocellulose membrane (GE healthcare) and
probed with the 32 P-labelled 5'UTR probe (Fig 2A) as described (13). The preparation, quantification (against BSA) of soluble leaf protein and analysis by SDS-PAGE, ndPAGE and immunoblot analysis was performed as described (33).
Rubisco content and catalysis
Rates (13).
Growth and photosynthesis analysis
All plants were grown in a growth chamber at 25°C in air containing 0.5% (v/v) CO 2 as described (13). Leaf photosynthesis rates were measured using a LI-6400 gas-exchange system (LI-COR) on the 5 th upper canopy leaf of each tobacco genotype once they had reached comparable stages of physiological development.
Recombinant RAF1 and CPN60α purification and antibody production
Genes coding Arabidopsis RAF1 (AY063107) and Chaperonin 60α2 (NM_121887) were cloned into plasmid pHueAct and expressed as N-terminal 6-Histidine-ubiquitin (H 6 Ub) tagged proteins in BL21(DE3) cells and purified by affinity chromatography (Figure S2 ).
Antibodies to both purified proteins were raised in rabbits.
Mass spectrometry
Purified AtRAF1 Phosphor screen GP (Kodak) for 2 days. The autoradiograph signals were visualized using a PharosFX Molecular Imager and quantified with Quantity One software (Biorad).
Affinity purification of 6xHis-tagged AtRAF1 from tob AtL-R1 leaves
Soluble leaf protein from tob AtL-R1 and wild-type tobacco (negative control) was purified by Ni 2+ -nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) chromatography and analysed by SDS PAGE, ndPAGE and immunoblotting for evidence of stable interactions between AtRAF, AtL-subunits and CPN ( Fig S4) . (D) AtRAF1 production in the At, wt and tob AtL-R1 leaf protein analysed in (C) was quantified by SDS PAGE immunoblot analysis (example shown) against known amounts of purified AtRAF1 (Fig S2B) . *, the AtRAF1antibody does not recognise tobacco RAF1. showed recombinant AtRAF1 oligomers purified from E. coli (pure, Fig S2A) was highly stable and separated at the same position above aldolase (160 kDa) in the marker protein standards (m) as Ni 2+ -nitrilotriacetic acid agarose (Ni-NTA) agarose purified His 6 -tagged AtRAF1 complexes (AtRAF1 H6 ) from tob AtL-R1 (t AtL-R1 ) leaves (see Fig. S4 for detail). In mM imidazole) and the proteins separated by PAGE as described (4) Due to significant variations in Rubisco expression down the canopy of tobacco (5) .  Table S2 . List of species and accession numbers for the raf1 and rbcL sequences from 26 plant, 3 algal and 46 cyanobacteria genomes used to construct the ML trees in Fig. S1 .
Andersson I & Backlund
Two gene copies of raf1 were found in five plant species (including tobacco and
Arabidopsis, see Fig S2B) , and one copy in all other species. Accession numbers are also shown for the chloroplast matK sequences that were used as a negative control when testing for putative raf1 and rbcL co-evolution by correlating their pairwise nonsynonymous (leading to amino acid substitutions) and synonymous (selectively neutral) distances across green plants and algae (see Fig 1B) . 
Figure S2
A Amino acid alignment of tobacco and Arabidopsis Rubisco L-subunits 
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